Several researchers have hypothesized that, through various mechanisms, loss of species and functional group richness from a plant community will affect the magnitude and interannual variability of productivity. To test this hypothesis, I conducted a microcosm study of California grassland communities that differed in species richness. I grew cohorts of microcosms that simulated undisturbed grassland (in one year) and gopher-disturbed grassland (in two consecutive years). As the number of species per functional group decreased from 4 to 1, biomass production remained constant in all three cohorts. As species richness decreased from 16 to 1 (or 8 to 1, in either case including a drop in functional group richness), productivity declined in one of the cohorts. In this cohort, productivity of one polyculture marginally exceeded that of the most productive monoculture. Resource complementarity and a type of selection effect may have each contributed to the observed diversity-productivity relationships. Results suggest the existence of a selection effect that involves species that are highly productive in mixtures, rather than in monoculture. Over two seasons, species and functional group richness did not affect the interannual variability of biomass production. Comparisons of interannual changes in the productivity of monocultures and polycultures suggested that, in some polycultures, increased water availability might have relieved interspecific competition more than intraspecific competition. Based on results from this experiment and other manipulative experiments, I develop a framework to explain the relationship between species richness and productivity in terrestrial plant communities. The framework highlights the importance of environmental variation in shaping the diversity/productivity relationship. The ongoing, rapid decline in the number of species (Pimm et al. 1995) and populations (Hughes et al. 1997) on Earth has stimulated interest in the nature of links between biodiversity and ecosystem processes. Recent studies have shed light on the relationship between diversity and the productivity of plant communities (e.g., Naeem et al. 1996 , Hooper and Vitousek 1997 , Loreau 1998a , Hector et al. 1999 , Tilman 1999 . Many researchers have found that, on average, community productivity declines as species are lost (Naeem et al. 1996 , Symstad et al. 1998 , Hector et al. 1999 . Relatively few experiments have tested the influence of environmental factors on the diversity/productivity relationship.
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Several recent papers have asserted the importance of determining which mechanisms cause correlations between biodiversity and ecosystem processes (Aarssen 1997 , Tilman 1997 , Hector 1998 , Loreau 1998b , Wardle 1999 . Two contrasting mechanisms are mentioned most frequently: the sampling effect and resource complementarity. The sampling effect can cause a correlation between diversity and a process such as biomass production if the probability of including a highly productive species in a community increases as species richness increases (Aarssen 1997 , Huston 1997 , Tilman 1997 . Loreau (2000) has recently suggested using the term ''selection effect'' to encompass the sampling effect and any other effect by which species with extreme values of a given trait are more likely to be included in more diverse communities. Resource complementarity, or resource partitioning, occurs when different species obtain the same resource from different locations, at different times, or from chemically different sources. In theory, this resource partitioning leads to more complete use of the available resources in the system, and maximizes productivity. In practice, complementary resource use can be difficult to detect, even among species that would be expected to have different resource requirements (Hooper 1998) . When it occurs, complementary resource use does not always cause mixtures to outproduce all monocultures of their component species (Hooper 1998) . Reasons for this seeming discrepancy are discussed below, and in Garnier et al. (1997) , Hector (1998) and Loreau (1998b) .
According to some models, loss of species from a community should increase variation in annual productivity (Doak et al. 1998 , Tilman 1999 , Yachi and Loreau 1999 . Relatively few studies have tested this theory experimentally. Three intriguing studies have suggested that productivity becomes less stable as diversity decreases (Dodd et al. 1994 , Tilman and Downing 1994 , Tilman 1996 . In particular, two of these studies suggest that biomass production of diverse communities is less likely to crash in drought years Downing 1994, Tilman 1996 ; but see Huston 1997) . The question of whether diverse communities are also more likely to capitalize on unusually high resource availability in, for instance, a very wet year, has not been addressed experimentally.
I constructed grassland community microcosms of varying species composition and diversity to examine the relationships of biodiversity with productivity, resource complementarity, and interannual variation in productivity. I sought to address four specific questions: 1) How do changes in environmental variables such as weather and soil disturbance affect the relationship between diversity and productivity? 2) How does species diversity (independent of functional diversity) contribute to the primary productivity of a community?
3) To what extent does resource complementarity contribute to the productivity of diverse communities? 4) Can diversity limit interannual variation in the productivity of grassland communities? To test the first question, I grew three cohorts of microcosms, simulating gopher-disturbed grassland (in two consecutive growing seasons) and undisturbed grassland (in the second growing season). In each of these cohorts, I included communities that contained one, two, or four species from each of four functional groups (to test question 2). To test the third question, I grew monocultures of the eight grassland species that were used in the 8-and 4-species communities. To test the fourth question, I compared aboveground biomass production of the two cohorts that simulated gopher-disturbed grasslands.
Methods

Study site and infrastructure
This experiment took place on a small hilltop in the Jasper Ridge Biological Preserve (JRBP; near Palo Alto, California, USA: 37°24% N, 122°14% W, 120 m elevation), during the 1996-1997 and 1997-1998 growing years. The experiment was conducted in microcosms, which consisted of upright sections of PVC pipe (0.95 m long by 0.2 m diameter) that were fitted with a PVC cap at the bottom. A 12 mm diameter hole in the cap allowed the microcosms to drain. Microcosms were filled to 1 cm from the top with a 1:3 mixture of sand and pulverized soil from the surrounding grassland. The top 10 cm (approximately) of each microcosm was filled with soil that had been wetted and heated (75 -80°C for 48 h) to kill weed seeds. All microcosms were kept outdoors in a large metal-frame storage box. Microcosms received ambient precipitation, which was continuously measured by a tipping-bucket rain gauge located within 10 m of the experimental setup.
Experimental design
The microcosms contained species chosen from a pool of native and naturalized California grassland species. This species pool consisted of four species from each of four functional groups: annual grasses, perennial grasses, early-season annual forbs, and late-season annual forbs (Table 1 ). In the San Francisco Bay Area, grassland species germinate or resprout after the first significant autumn rains, which usually fall in October or November. Most of the grasslands are dominated by introduced annual grasses, which set seed and die in May or June. Perennial bunchgrasses, which are mostly native, senesce aboveground in June or July. Early-season annual forbs generally die in April or May, and late-season annual forbs continue growing through the summer, finally setting seed and dying between August and October. Within these phenologically defined functional groups, species are generally similar in morphology and physiology (Gulmon et al. 1983 , Mooney et al. 1986 , Chiariello 1989 , Armstrong 1991 . Among these groups, species differ in seasonal and spatial patterns of resource use (Hooper and Vitousek 1998) .
I constructed one 16-species and one eight-species community, two different four-species communities (termed 4-1 and 4-2), and eight different monocultures (Fig. 1) . All polycultures had an equal number of species from each functional group. I employed a nested design, such that the eight-species community consisted of all the species in the two four-species communities, and these eight ''core'' species were also grown in monoculture (Fig. 1) . In 1996-1997, I maintained 10 replicates of each of the microcosm types. In 1997-1998, I maintained five replicates of each of the microcosm types from the first growing year (which were termed ''established'' microcosms in this second year), and created five new replicates of each microcosm type (''new'' microcosms). Thus, there were three cohorts of microcosms : new 1996-1997, new 1997-1998, and established 1997-1998 . Each cohort differed either in disturbance level or in the weather conditions it experienced. Within each cohort, microcosms were arranged in a block design, with one replicate of each community type arranged randomly in each block. Microcosms from other related experiments were also included in each block.
New microcosms in this experiment were designed to simulate gopher-disturbed patches of California grassland (which are similar in size to the microcosms, and comprise an annual average of 26% of a grassland at JRBP; Hobbs and Mooney 1991) . Established microcosms simulated undisturbed patches of grassland, where a litter layer shades seedlings, the soil column is more developed, and perennial grasses are more mature (see below).
Seeding density and plant containment
In monocultures, seeds were sown at densities estimated to be higher than necessary to maximize aboveground biomass production and to ensure 100% cover (based on density and size per individual of plants in surrounding grassland; Table 1 ). I used a substitutive design (Jollife 2000) , in which seeding densities in polycultures were reduced according to the number of species in the community (i.e., for a 4-species community, a given species would be sown at one-quarter its density in monoculture). In 1997-1998, to compensate for survival of approximately one-third of the previous year's perennial grass seedlings, microcosms in the established cohort received fewer perennial grass seeds than microcosms in the new cohort; all other seeding densities were the same (Table 1) . After germination, all microcosms were checked for weeds frequently and weeded as necessary.
Litter from the 1996-1997 growing year was returned to the surface of established microcosms after seeds for the 1997-1998 year were sown. Sleeves made of aluminum window screening were stapled around microcosms and, as plants grew taller, raised to approximately 6 cm above the rims to prevent plants in adjacent microcosms from becoming entangled. In the first Fig. 1 . Illustration of the experimental design. Each circle represents one community type. The number of sections in each circle corresponds with the number of species in that community. Arrows identify the species that were used in each polyculture. Species codes are explained in Table 1 . The eight species shown at the bottom were only used in the 16-species community. Labels identify the two 4-species communities, 4-1 and 4-2. growing year, screens were raised around all microcosms on 31 March 1997. These sleeves were raised around the established microcosms from the start of the second growing year to contain litter from the previous year and to simulate shading by neighboring litter. Screens around new microcosms were raised on 7 May 1998. The screens reduced the intensity of perpendicularly incoming direct radiation by 26% (LI-250 light meter, Li-Cor, Lincoln, NE).
Harvests and productivity measures
During both years of the experiment, reproductive biomass of all species was harvested as it ripened, to prevent the escape of seeds. Non-reproductive aboveground biomass of all species was harvested, one block at a time, after senescence of the majority of late-season forb individuals. In 1996-1997, aboveground biomass was harvested from fully-senesced monocultures between 10 and 22 August, and from the remaining microcosms between 22 August and 5 September 1997. In 1997 -1998, aboveground biomass was harvested from 19 August to 15 September 1998. All plant material was sorted by species as it was harvested. Biomass was dried at 65°C for 48 h, and weighed. Hereafter, I use the term aboveground net primary productivity (ANPP) for the sum of reproductive and non-reproductive aboveground biomass.
I calculated slopes from linear regressions of ANPP on species richness for each microcosm cohort. In the first regression, I excluded the monocultures, to test whether decreasing the number of species per functional group would affect productivity (this test excepted any effect of functional group richness, which decreased only between 4-species communities and monocultures). In the second, I analyzed 1-, 4-, and 8-species microcosms to discern trends created solely by combinations of the eight core species. In the third, I included all microcosms.
Statistical analysis of the diversity-productivity relationship
Because several of the datasets that I consider here have decreasing variance with increasing diversity, and because transformations of these datasets do not eliminate this characteristic, I did not use linear regression to test for significant effects of diversity. Instead, using only the mean values of each community type, I determined whether the regression slope of a given set of data was more positive than would be expected if the y-values in the dataset were assigned randomly to the set of x-values (i.e., the species richness levels). To accomplish this, I randomly assigned a y-value from the dataset to each x-value, recorded the regression slope of this random arrangement, and repeated the process until I had generated 999 random slopes based on the data. I then added the actual slope to this pool of random slopes. I counted the number of slopes equal to or greater than the actual slope (equal to or less than the actual slope in cases where the actual slope was less than the median slope), and multiplied this value by two to account for a two-tailed distribution. I divided this number by 1000 to arrive at a P-value that estimated the likelihood that the observed relationship between species richness and the y-value arose by chance (for a discussion of similar statistical techniques see Manly 1997 ).
Measures of complementarity
The Relative Yield (RY) of a species and Relative Yield Total (RYT) of a mixture indirectly estimate resource complementarity by comparing the biomass production of species in mixtures with the productivity of those species in monocultures (de Wit 1960 , Trenbath 1974 , Snaydon 1991 . Other measures of the performance of mixtures, such as D T , the proportional deviation of the productivity of a mixture from its expected value (Wardle et al. 1997 , Loreau 1998b , are also based on the performance of the individual species in monocultures.
Most resource complementarity studies have considered only 2-species mixtures, and have calculated RY and RYT using equations designed specifically for this case (e.g., Harper 1977) . I calculated RY and RYT using slightly different equations that Hooper (1998) modified for use with mixtures containing more than two components:
(1)
where RY ijk = Relative Yield of species i in community j in block k, Y ijk = yield (aboveground biomass production) of species i in community j in block k, Y ik = yield of the monoculture of species i in block k, n j = number of species in community j, and RYT jk = Relative Yield Total of community j in block k. I calculated D T for the mixtures, where D Tj is the value of D T for community j, as:
OIKOS 94:3 (2001) where the observed productivity, O ijk =the yield of species i in community j in block k, and the expected productivity, E ijk =Y ik /n j , or the yield of species i in monoculture in block k, divided by the number of species in community j. In a given mixture, if the RY of a species is \ 1, then the species performs better in that mixture than in monoculture. If RY=1 for a species, then that species performs no better or worse in the mixture than in monoculture. RYsB1 indicate that growth of the species is limited more by interspecific competition in the mixture than by intraspecific competition in monoculture.
Relative Yield Totals\1 and D T \0 suggest complementary resource use, i.e., resource partitioning among species in a community (but can also indicate facilitation among species). Relative Yield Totals=1 and D T =0 suggest that competition within a community is no different than for monocultures of the component species, or that there is no interaction among the species. Relative Yield Totals will also equal 1 if increases in RYs of some species are mirrored by decreases in the RYs of other species. Offsetting species responses can also lead to a D T of zero. However, a D T of 0 will not necessarily correspond with RYTs of 1 because species are weighted differently for these measures. The RYT of a mixture weights the performance of each species equally, while D T weights the performance of each species relative to its productivity in monoculture. Relative Yield TotalsB 1 and D T B0 suggest that competition for resources among individuals of different species in the community is greater than that among individuals of the same species. Although RYT\1 and D T \ 0 suggest that resource complementarity (and/or facilitation) is occurring, a more convincing sign is overyielding, i.e., when the mixture outproduces the most productive monoculture of its component species.
All of these measures describe the net outcome of ecological interactions in a community, ignoring the intricacies of these interactions. For instance, in cases where the most productive species in monoculture performs poorly in a community setting, tests for overyielding may not detect complementary or positive interactions among other components of the community. For this reason, assessments of community interactions should ideally present more than one complementarity measure.
Relative Yields and replacement designs in diversity studies
Replacement designs have been criticized because species are planted at different densities in monocultures and in mixtures, which can make results difficult to interpret (e.g., Connolly 1986 , Taylor and Aarssen 1989 , Snaydon 1991 , Garnier et al. 1997 . RYTs are among the most resistant measures to the problems with replacement mixtures, especially if they are evaluated on the basis of final yields (Connolly 1986, Cousens and O'Neill 1993; see Hooper 1998 for further discussion of this topic). In this experiment, the seeding density of each species decreased as species diversity increased. I attempted to select a range of seeding densities that 1) would result in the same productivity across the entire range of densities if the species were grown in monoculture, and 2) reasonably resembled the range of plant densities found in the surrounding grasslands. If the biomass production of any of the species was limited by seeding density in the most diverse mixtures, then the RYT of those mixtures should, because it is calculated on a per area basis, be less likely to exceed 1, and D T should be less likely to exceed 0. Thus, for this experiment, estimates of complementarity become increasingly conservative as diversity increases. For a given community type, comparisons of these measures across cohorts should be robust.
Measures of interannual variability in biomass production
To determine whether constancy of ANPP differed among the treatments, I calculated C, the ratio of ANPP in the new 1997 -1998 cohort to ANPP in the new 1996-1997 cohort, for each of the treatments. Treatments from the two cohorts were identical in substrate, species composition, and seeding density. I used only newly established cohorts, so for these analyses all species were grown from seed. Because there were twice as many replicates of each community in 1996-1997, I arbitrarily chose to use only microcosms in odd-numbered blocks of this cohort to calculate C.
To test whether biomass production of mixtures was more stable than one would anticipate based on the performance of individual species, I calculated an ''Expected Constancy,'' EC, for each mixture. This term is similar in concept to the Relative Yield Total, as it is based on the performance of species grown in monoculture. I calculated EC for 1997-1998 as follows:
where EC jk is the Expected Constancy for treatment j in block k, and:
where n j = the number of species in treatment j, p ijk = the proportion of total biomass of treatment j in block k made up by species i in the 1996-1997 season, and C ik = the constancy of monocultures of species i in block k. EC represents the expected response of com-munity productivity to a new set of environmental conditions. This expected value is based on the responses of monocultures and the proportion of each species in the mixture. Thus, if the species in the mixture respond to the new conditions exactly as do the species in monoculture, then EC =C. If the responses of two or more species in the mixture differed from those in monoculture in a counteracting manner (one species responded more positively than in monoculture, one more poorly), this could also cause EC =C. If the new environmental conditions cause interspecific competition to become more important relative to intraspecific competition, then one would expect species to increase their production in monoculture more than in the mixture (or have a smaller decrease in production in monocultures), causing EC \C. Conversely, if the new conditions cause intraspecific competition to increase relative to interspecific competition, then one would expect productivity of the mixtures to increase more (or decrease less) than predicted by changes in the monocultures, causing ECB C. While this measure provides an indication of the net result of shifts in inter-vs intraspecific competition in the entire mixture, it provides no details about responses of the individual species in mixture, and cannot discriminate among interference, competition, and facilitation. This measure also depends on the initial conditions (seed density, community age, etc.) being identical at the start of each growth period. For each block in the 1996-1997 and new 1997-1998 cohorts, I calculated EC for 4-1, 4-2, and 8 species mixtures. I compared observed values (C) with expected values (EC) for each of these treatments. I used this technique twice: once to predict changes in community productivity in the 1997-1998 season based on the abundance of species in the 1996-1997 communities, and a second time in reverse, to predict values for the 1996-1997 polycultures from species abundances in 1997-1998. Because the proportion of community biomass made up by each species differed in the two seasons, these two calculations were independent.
Results
Precipitation
The timing and total amount of rainfall differed strikingly in the two growing years ( Fig. 2 ; in this study, growing years start in November). The beginning of the first year (1996 -1997) was unusually wet. By 24 January 1997, precipitation at JRBP had exceeded the 667 mm annual average (the average is based on rainfall records from 1974-1975 to 1997-1998) . After January, the first year was abnormally dry. Only 91 mm of rain fell after 31 January, 10 mm of which dropped in the month of May. The second year (1997-1998), which occurred during an El Niñ o event, was wetter. An unusually large amount of rain fell late in the year. In 1997-1998, 653 mm of rain fell after 31 January, 82 mm of which fell during May.
Community productivity
The number of species per functional group did not significantly affect ANPP of any of the cohorts (Fig. 3 , analyses that exclude monocultures in Table 2 ). On average, ANPP of all cohorts declined as the number of species and functional groups decreased simultaneously (note slopes of regressions that include monocultures in Table 2 ). This decline was only significant in the new 1997-1998 cohort (Fig. 3, Table 2 ). In this cohort, 4-1 and 8 species communities overyielded monocultures of their most productive constituents (Fig. 3d ), but these differences were only marginally significant (one-way ANOVA, 8 vs Bromus: P= 0.07) or nonsignificant (4-1 vs A6ena: P =0.52). In the other two cohorts, polycultures were outproduced by the most productive monocultures (Fig. 3b, f ).
An asymptotic curve (y=872.2x/x +0.72; R 2 = 0.42, n = 12; Fig. 3d) represented data from the 1997-1998 cohort better than the linear regression (R 2 = 0.26; Table 2 , Fig. 3d ). Because ANPP of the monocultures Fig. 3 . Biomass production and constancy of the monocultures (left-hand panels) and all treatments (right-hand panels). From top to bottom, biomass production in 1996 -1997 (a, b) Table 2 . Statistics from constancy regression (panel h) are shown in Table 4. varied widely, no curve can perfectly describe the observed diversity/productivity relationship. In monoculture, species of the same functional type generally produced similar amounts of biomass. In the new cohorts, annual grasses were the most productive species. The next most productive functional group varied by year. While the early-season annual forbs were next most productive in 1996-1997, the late-season annual forbs were second most productive in the wetter 1997-1998 season (Fig. 3a, c) . The perennial grasses were generally the least productive species in the new cohorts, in which they were seedlings. In contrast, the perennial grass Nassella pulchra and the annual grass A6ena barbata were the most productive species in the established cohort. With the exception of the perennial grasses, the established microcosm cohort was much less productive than the new cohort in 1997-1998 (Fig. 3) .
Species composition affected the productivity of polycultures in the new 1996-1997 cohort. The 4-1 polyculture had significantly higher ANPP than the 4-2 polyculture (ANOVA: F 11 = 37.2, P= 0.0001, followed by Student-Newman-Keuls test, a =0.05). Productivity of these communities did not differ in the other two cohorts.
Complementarity
I calculated RYT and D T of the 4-and 8-species communities to indirectly test for complementary resource use (these values could not be calculated for 16-species mixtures, which contained species that were not grown in monoculture). In both new cohorts, RYT was significantly \1 and D T was significantly \ 0 for the 4-1 and 8-species mixtures (Table 3) . In these mixtures, the annual grass A6ena and the late-season forbs (especially Hemizonia) produced more biomass than would be expected based on their growth in monoculture (Table 3 ). The performance of these species compensated for the poor production of perennial grasses (and in most cases, early-season annual forbs), resulting in a positive RYT. Relative Yield Totals were higher in the new 1997-1998 polycultures than in polycultures in the other two cohorts (Student-NewmanKeuls test of RYTs: P B0.05; two-way ANOVA, cohort effect F 2 = 4.137, P= 0.022; species effect F 2 = 2.60, P = 0.084; interaction F 4 = 2.17, P= 0.086; Table  3 ).
In the established cohort, high relative yields of the late-season forbs and the perennial grass Elymus multisetus partially compensated for annual grass relative yields, which were much lower than in new communities (Table 3) . However, none of the established communities had an RYT significantly \ 1 or a D T significantly \0. 
Discussion
Results of this experiment lead to five main conclusions. First, the number of species per functional group did not affect the productivity of grassland microcosms. Second, changes in environmental conditions caused the ANPP of functionally diverse communities to shift relative to that of the monocultures. As a result, diversity and productivity were positively related in only one of three sets of environmental conditions. Third, a rarely noted selection effect can lead to correlations between productivity and diversity based on the performance of species in mixtures rather than in monocultures. Fourth, in wetter years, interspecific competition may become weaker relative to intraspecific competition. Finally, diversity did not dampen the interannual variation in grassland productivity over the short duration of this experiment.
The relationship between diversity and productivity
By maintaining functional group diversity as species diversity dropped from 16 to 4, this experimental design probably maximized resource complementarity (see below) and productivity at each level of species richness. Given this design, it was not surprising that species diversity alone did not affect productivity in any of the microcosm cohorts. These results are consistent with those of previous research, which suggest that the productivity of grasslands is more responsive to functional diversity and species composition than species diversity (Hooper and Vitousek 1997 , Symstad et al. 1998 , Hector et al. 1999 . Consistent with the ''redundancy'' hypothesis of Walker (1992) and the results of several previous studies (Naeem et al. 1996 , Symstad et al. 1998 , productivity appeared to be an increasing, asymptotic function of species richness in the new 1997-1998 cohort. In the other two cohorts, diversity and productivity were not significantly related. This difference among cohorts was caused by shifts in ANPP of the polycultures relative to ANPP of the monocultures. Based on these results, I developed a conceptual framework that encompasses several hypothetical properties of the diversity/productivity relationship for terrestrial plants (Fig. 4) . Here, I outline five of the properties that are incorporated in the framework, and I provide examples of manipulative studies whose results support some aspect of these properties: 1) Monocultures vary widely in their productivity (Naeem et al. 1996 , Garnier et al. 1997 , Hooper and Vitousek 1997 , Hector et al. 1999 . 2) The most productive species mixtures may or may not outproduce the most productive monocultures, depending on environmental conditions (Naeem et al. 1996, Garnier 
Interannual variation in productivity
Because the new microcosm cohorts of 1996-1997 and 1997-1998 were identical in substrate, species composition, and seeding density, differences between them in productivity can be attributed to interannual differences in weather. Late-season rainfall in 1997-1998 led to increased biomass production in all treatments, with surprisingly similar increases among the annual grass, early-season forb, and perennial grass monocultures (Fig. 3g) . Late-season forbs responded more strongly than other species to the increase in water availability, and Hemizonia congesta responded more than Lessingia hololeuca. The response of communities to the increased precipitation fell between the response of Hemizonia and the response of species in other functional groups (Fig. 3h) . Randomization analysis of regression slopes indicated that there was no relationship between diversity and constancy of biomass production (Table 4 , Fig.  3h ).
Interannual variation in the productivity of monocultures was a poor predictor of variation in the mixtures. Predictions of changes in 1997-1998 biomass were accurate for 4-1 polycultures, but were smaller than observed in the 4-2 and 8 species mixtures (EC BC: two-way ANOVA, prediction effect F 1 =8.98, P= 0.007; treatment effect F 2 =3.43, P =0.05; interaction F 2 =4.73, P=0.02; Table 5 ). Reverse predictions (of changes in biomass from 1997-1998 to 1996-1997) consistently underestimated the decrease in community biomass (EC\C: two-way ANOVA, prediction effect F 1 =15.2, P =0.0009; treatment effect F 2 =1.89, P = 0.18; interaction F 2 =2.77, P= 0.09; Table 5 ). Fig. 4 . Conceptual framework (a) to describe observed relationships between species richness and productivity of terrestrial plant communities. Species grown in monoculture range widely in productivity, as represented by the vertical grey bar. Productivity of polycultures that partition resources and include species that perform well in mixture is unlikely to vary greatly with increasing species richness (horizontal black bar). These complementary mixtures may or may not outproduce the most productive monoculture, depending largely on environmental conditions such as disturbance and water availability (arrows indicate that black bar can shift up or down relative to vertical grey bar). In the most favorable environmental conditions, increases in species richness may lead to slight increases in productivity of highly complementary mixtures (asymptotic limit line). Mixtures of sub-optimal species composition (i.e., where little resource partitioning occurs and species that perform well in mixture are absent; light grey triangle) will have lower productivity than mixtures that maximize complementarity. Within this sub-optimal zone, productivity necessarily increases with increasing species richness, as complementarity strengthens and chances of including the most productive species increase. Diagrams at right show possible distributions of productivity levels in (b) favorable environmental conditions and (c) unfavorable environmental conditions. Note that in either set of conditions, variability of productivity decreases with increasing species richness.
Why might overyielding only occur when resource availability is high? In resource-rich conditions, dominant species might be unable to fully utilize available resources, allowing other species to access residual resources. Conversely, in resource-poor conditions, plants might shift their architecture and allocation to best compete for pockets of a limiting resource, thus reducing resource partitioning. To date, several studies have compared plant competition across gradients of soil nutrients (e.g., Austin and Austin 1980 , Austin et al. 1988 , Campbell and Grime 1992 , Garnier et al. 1997 ), but few (if any) have clearly observed increasing complementarity with increasing resource availability.
Complementarity vs selection effects
Results of this experiment suggest the existence of a rarely noted form of selection effect. The most commonly cited selection effect, the sampling effect, leads to a positive relationship between the diversity and productivity of communities when highly productive species (in monoculture) are more likely to be included in diverse communities (Aarssen 1997 , Huston 1997 , Tilman 1997 ). This definition assumes that the species that are most productive in monoculture have the most positive effects on community productivity, which is often, but not always the case. Loreau (1998a Loreau ( , 2000 recently described an ''inverse sampling effect'' that can under some circumstances lead to decreases in productivity with increasing diversity. I suggest that a third type of selection effect contributes to a positive relationship between productivity and diversity when species that perform disproportionately well in mixtures are more likely to be included in diverse communities. I term this effect context-specific sampling. Naeem et al. (1996) suggested that a similar mechanism might best explain the positive relationship they observed between productivity and plant species richness.
In the 1997 -1998 cohort, resource partitioning (and/ or facilitation) occurred in the 4-1 and 8 species polycultures (Table 3) , and these mixtures (nonsignificantly) overyielded the most productive monocultures. In most cases, high values for RYT and D T were driven by a few species that strongly overyielded in mixtures, and compensated for underyielding by other species (Table 3) . This suggests that context-specific sampling affected the outcome of the experiment: the presence of species that consistently overyielded (e.g., A6ena and Hemizonia) contributed to the increase in productivity at high diversity. Notably, the most productive species in monoculture, Bromus, did not consistently have the highest relative yield in mixtures (this was most clearly the case in the new 1996-1997 cohort). Thus, a selection effect can manifest itself through species that perform well in polyculture rather than through the most productive species in monocultures. , Hooper and Vitousek 1997 , Hector et al. 1999 , this study). 3) Mixtures that include species that partition resources effectively and species that perform well in mixtures are unlikely to dramatically increase productivity as more species are added (Hooper 1998 , Dukes 2001 . 4) The least productive mixtures necessarily become more productive as more species are added (Naeem et al. 1996 , Hooper 1998 , Hector et al. 1999 . 5) Because finite resources dictate an absolute limit on plant productivity in a given year, productivity cannot exceed an asymptote (Naeem et al. 1996 , Garnier et al. 1997 , Symstad et al. 1998 .
This framework builds on similar models that have been put forward to date (e.g., Vitousek and Hooper 1993 , Lawton 1994 , Johnson et al. 1996 , Schwartz et al. 2000 in two respects. First, the framework considers the entire distribution of communities at each diversity level (it encompasses an area rather than describing a curve -see also Sala et al. 1996) . Second, it recognizes the role that environmental conditions can play in shaping the distribution.
As would be expected, RYT and D T were greatest in the new 1997-1998 cohort, when the productivity of the polycultures was highest relative to that of the monocultures. In the new cohorts, increases in the relative yields of Bromus and Nassella drove the increase in complementarity measures from 1996-1997 to 1997-1998 . Interspecific competition for water may have limited productivity of these species in mixtures in 1996-1997. In monocultures, interannual differences in productivity of Bromus and Nassella were very similar to those of the other species in their functional groups, A6ena and Elymus multisetus.
Diversity vs constancy of biomass production
Previous studies of grasslands have found a negative relationship between diversity and the interannual variability of biomass production (Dodd et al. 1994 , Tilman and Downing 1994 , Tilman 1996 ; but see Huston 1997) . In this experiment, the presence of late-season annual forbs, which are highly responsive to late-season water availability, could have led to a positive relationship between diversity and interannual variability of biomass production through context-specific sampling. However, over the short duration of this experiment, linear regressions showed no clear relationship between species richness and constancy of biomass production (Fig. 3h) .
In two cases, diverse communities responded more strongly to increased water availability than would have been expected based on the responses of monocultures. Taken together, this result and the observed increase in resource complementarity measures in the second year of the experiment suggest that in this system, interspecific competition might become weaker relative to intraspecific competition when soil moisture is available late in the year. The prediction of 1996-1997 biomass based on changes in monocultures suggests the reverse might also be true: interspecific competition may become stronger relative to intraspecific competition when water availability declines. As discussed above, when grown in mixtures, Bromus and Nassella derive greater benefit from increased water availability than other species used in this study. These species may be less effective competitors for water (or for a resource with covarying availability, such as nitrate) than other species in this study, and may experience a relaxation of interspecific competition for this resource in wetter years. Although measures of both constancy and complementarity suggest a shift in the relative strengths of inter-and intraspecific competition, ecological interactions among plants are complex, and other factors could explain the observed pattern. For instance, the roles of interference and facilitation in this experiment are unclear.
Established vs new microcosms
In the 1997 -1998 season, aboveground productivity of new microcosms averaged approximately twice that of established microcosms of the same composition (with the exception of perennial grass monocultures). There are several possible explanations for the disparity in productivity: 1) soil fertility was lower in established microcosms because a substantial portion of the potentially available nutrients had been locked up in plant biomass or lost to leaching during the previous year, 2) nutrient immobilization by litter from the previous year further lowered nutrient availability to plants, 3) plants in established microcosms received less light because seedlings were shaded by the previous year's litter and the cylinder of window screening, and 4) soil columns in the established microcosms were much harder, and more resistant to root penetration and water infiltration. Perennial grass monocultures were much more productive in the established treatment, where many shoots regrew from the previous year's roots, than in new cohorts, where all plants were seedlings.
It is possible that low resource availability minimized resource complementarity in the established microcosms, thus reducing the productivity of polycultures relative to the monocultures.
Other considerations
Conclusions from this experiment are drawn solely from aboveground biomass production in the grassland microcosms. Belowground productivity is unlikely to be perfectly correlated with aboveground productivity, because grassland species differ in their root:shoot (R:S) ratios. These differences can be generalized by functional groupings; for instance, R:S ratios of perennial grasses are much greater than those of species in the other three functional groups (Armstrong 1991 , Hooper 1998 ). I do not know how the lack of belowground data affected conclusions from this experiment. However, Hooper (1998) found that the inclusion of estimated belowground biomass production had only minor qualitative effects on RYs and RYTs calculated for mixtures of three different grassland functional groups.
Because I waited to harvest non-reproductive tissue until the majority of late-season forbs had senesced, this study underestimates ANPP of species that senesced earlier in the year. While some decomposition of these species (most notably early-season annuals) must have occurred, three lines of reasoning lead me to believe this mass loss had only minor effects on the results of this study. First, a substantial proportion of the biomass of early-season annuals is made up of reproductive biomass (30-60%: Dukes unpubl.; Mooney et al. 1986 ). Because I harvested reproductive parts as they ripened, this proportion of the biomass had no opportunity to decompose. Second, very little of the non-reproductive biomass of these species fell to the ground, and litter suspended above the soil surface tends to decompose slowly (Dukes and Field 2000) . Finally, the period between the senescence of these species and the final harvest was quite dry (Fig. 2) , limiting decomposition. Any decomposition that took place led to underestimation of productivity and overyielding, but did not affect calculations of RYT or D T (assuming that decomposition rates did not vary across community types for a given species).
Legumes have strongly affected productivity patterns in other biodiversity studies (e.g., Hooper 1998 , Symstad et al. 1998 , Hector et al. 1999 , Huston et al. 2000 . Legumes are thought to increase the yield of mixtures by increasing soil nitrogen availability, rather than through resource partitioning. By omitting nitrogenfixing plant species from this experiment, I precluded this type of positive interaction. I expect that the lack of nitrogen-fixers limited the productivity of mixtures in this experiment.
The relatively small size of the microcosms could also have limited the yield of mixtures in this experiment.
Results from a separate study of annual species suggest that resource partitioning can increase with soil depth (Sheley and Larson 1995) . In this study, confinement of the roots to a volume of 30 L might have suppressed some variation among species in rooting architecture. Root growth may also have been altered by an abnormal soil temperature profile. Because microcosms were not buried, soil in this study probably experienced greater daily temperature fluctuation than did soil in the surrounding grassland.
Several researchers advocate the use of random draws to replicate diversity levels (Kareiva 1996 , Huston 1997 . While experimental designs based on random draws have yielded many important results (e.g., Hector et al. 1999 , Tilman 1999 , nested designs also have utility, especially for experiments on a smaller scale (Allison 1999) . The design of this experiment facilitated calculation of resource complementarity measures such as RYT and D T . Further, this design isolated species richness within functional groups, clarifying its lack of importance for ANPP relative to functional richness and species composition.
Conclusions
The influence of any one species on the productivity of a community depends on many variables. When a species is removed from a community, the trajectory of ANPP depends on the initial species composition of the community, on the identity of the species removed, and on the environmental conditions that the system experiences. In this experiment, species in the same functional group were largely ''redundant'' with respect to productivity. Thus, removing a species of annual grass from a community with several annual grasses is likely to have little effect on ANPP in the following year. However, even within functional groups, differences among species can influence ecosystem functions under certain environmental conditions (for instance, productivity differed significantly between the two 4-species polycultures in the new 1996-1997 cohort, but not in the other cohorts). If a species that performs particularly well in a community is removed, productivity may suffer to some extent. Note that the performance of a species in a community (and not in monoculture) should determine whether it causes a selection effect. Removing the last species of a functional group is likely to have noticeable effects. If that functional group contributes a large proportion of the mixture's biomass, productivity of the community is likely to drop. The removal of a functional group may actually increase productivity under conditions that are unfavorable for that group, but may have no effect or a negative effect on productivity under different conditions, or in a later stage of community development.
